Land-based waypoint navigation usually requires accurate position information to effectively function in either natural or man-made terrain. Most systems solve this problem by using differential GPS and/or high-quality, expensive inertial navigation systems. In an effort to make waypoint navigation available to smaller tactical platforms, a tightly packaged, portable and inexpensive waypoint navigation system was developed.
Background
The goal of this project was to develop a robust waypoint navigation capability for a small mobile robot that did not rely on the availability of differential GPS. Here waypoint navigation is defined as the process of automatically following a predetermined path defined by a set of geodetic coordinates. The requirement for using non-differential GPS stemmed from the idea that in a tactical situation, the operator is not going to have the time or resources to set up a local differential base station at each new location.
Unlike large vehicles, the limited space and power on a small robot precludes the traditional practice of using a highly accurate inertial navigation system (INS).
All of the subsequent discussions are a direct result of testing performed on the MPRS URBOT outfitted with a NovAtel OEM4 dual-frequency GPS receiver, a Systron Donner QRS11 quartz gyro, a Microstrain 3DM electromagnetic compass, and Halleffect sensors for the odometry.
GPS Deficiencies
The errors in an uncorrected GPS signal come in many forms and arise from a variety of different sources. In this paper these errors have been divided into two broad categories: 1) high frequency noise and 2) long-term drift. The first category pertains to the errors that manifest themselves as high frequency noise or spikes. These errors are easily identifiable on a 2-D plot of the GPS track recorded from a moving platform The second category of GPS error is classified as drift. These errors are much more difficult to see on a track plot, since they change over a period of hours rather than seconds like the noise errors. It is difficult to determine the exact cause of these types of errors, but they are typically attributed to atmospheric effects in the ionosphere and troposphere and satellite geometry. The magnitude of these errors can vary from no error at all to thirty feet or more.
GPS noise remedy
In order to perform reasonable waypoint navigation, a robot needs to have a relatively noise-free estimate of its current state. Obviously, a non-differential GPS solution alone is not capable of providing that estimate.
The most common solution for solving the problem of GPS noise (and the solution used here) is to augment the GPS with other sensors and employ a Kalman Filter to optimally combine all of those sensor inputs. An inertial sensor is an ideal companion for the GPS in a navigation package, as the two sensors have complementary errors (i.e., inertial sensors generally have very little noise but drift without limit, whereas, GPS is quite noisy but has finite drift). The benefits of the Kalman Filter are depicted in Figure   2 , which is the same GPS plot shown in Figure 1 but with the Kalman Filter state estimate overlaid on it. Note that almost all the spikes in the GPS noise have been smoothed out. The Kalman Filter does an excellent job of compensating for the noise in the GPS position, but is of no help with the long-term drift error in the GPS position.
Kalman Filter
This paper is not intended to be a comprehensive guide to Kalman Filtering. Tables 1 and 2 . The Kalman Filter is formulated using the body frame system 2 , which makes the following assumptions:
1. the vehicle translates only along the body y axis (see Figure 3) 2. the vehicle rotates only around the body z axis A low-dynamics assumption has also been made so that no acceleration states are required. Filter will automatically degrade to using just the gyro, compass, and odometry in a dead reckoning mode to continue to provide a full state estimate.
To address the gray area between GPS noise and drift errors mentioned above, a preprocessing technique has been employed that dynamically adjusts the measurement covariance matrix, R, in the Kalman Filter. In layman's terms, the R matrix defines the believability of each sensor measurement. A preprocessing step increases the position variance in the R matrix when the GPS location jumps over two meters. If the GPS stays in the new location, the position variance elements in the R matrix are gradually decayed to their original value. In this way the Kalman Filter slowly gains confidence in the position measured by the GPS after it experiences a large jump. During this period of low confidence, the Kalman Filter is relying heavily on the gyro and odometry sensors.
Because the gyro is subject to drift and the odometry sensors suffer from track slip the Kalman Filter cannot provide accurate position estimates for long distances without a GPS fix. estimate which is measured indirectly with a quartz gyro. In this example it proved to be advantageous to also turn off the electronic compass when the GPS is lost. That is in part due to the fact that the loop at the bottom of the figure is actually encircling a metal shed.
Because of this and general inaccuracies of the compass it has become standard practice to only use the compass when the GPS heading is also available or when the gyro measurement is not available. 
Position Update Message
To address the second category of GPS errors (drift) a position correction or update message was developed. The basic concept is to use landmarks in the terrain that can be correlated to a known position. In this case, the terrain recognition was done via the human supervisor using the real-time video image from the robot and an aerial photo of the area of interest. For example, the operator locates a unique object on the photo that is in the general area of the robot. Then the operator drives the robot to that location and, using the OCU (see section 5), selects the location on the photo that is now known to be the correct location. That geodetic coordinate is then sent to the robot which uses that coordinate to calculate a correction for the GPS position measurement. That correction is then applied to all subsequent measurements much like a differential correction. This method has proven to be very practical and useful.
Path Following
The Kalman Filter process described above provides only an estimate of the robot's current state (position, heading, velocity, etc.). A separate process is needed to perform the waypoint following task. That process includes receiving and parsing the path message sent from the OCU, determining the robot's current position on the path, calculating the current desired heading and velocity, and executing the PID controller to obtain that heading and velocity.
There are many different path-following techniques described in the literature.
The one employed here is most commonly known as follow-the-carrot/goal 4 . Generally this technique uses a proportional controller fed by the heading error, whereas we have implemented a full PID controller. The heading error is the difference between the heading to the goal point and the robot's current heading. The goal point is defined as a point on the path that is some fixed distance (the look-ahead distance) ahead of the robot. Figure 6 shows a simulation of the path following algorithm developed in Matlab. Part of the path message sent from the OCU to the robot is a point-tolerance value that defines the distance from the waypoint that the robot must obtain before it considers that point to have been reached. This causes the robot to cut corners. If the look-ahead distance is such that the trajectory of the robot will miss a waypoint then the goal point is pulled back along the path until the trajectory runs through the point tolerance circle. In fact, the goal point calculation becomes quite tedious after one takes into consideration all of the possible path types, look-ahead distances and point tolerance distances. 
Operator Control Unit
The original wearable OCU 5 for the URBOT only supported pure teleoperation and was fairly limited in its capabilities. To support waypoint navigation, a new OCU was needed that would meet the following minimum requirements: (1) Display an aerial photograph of the area of interest, (2) enable the user to define and download waypoints to the robot, (3) allow the user to correct the location of the robot, (4) display video from the robot, (5) allow the robot to be teleoperated with a joystick, and (6) allow the operator to control multiple robots from a single control unit. The resulting control software was dubbed the Multi-robot Operator Control Unit, or MOCU (see Figure 7) . 
Summary
This project has demonstrated the ability to provide an effective waypoint navigation capability to small low-cost systems such as the MPRS URBOT. The entire navigation package easily fits into a small shoebox-size enclosure and could easily be ported to other robotic vehicles.
It was also demonstrated that by separating the GPS error sources into two categories it is possible to attain accurate navigation results without the aid of differential GPS corrections. The test results show that this system is able to navigate almost as accurately as a vehicle using a real-time kinematic (RTK) GPS solution as long as there are an adequate number of landmarks available for referencing. The ability to use a nondifferential GPS receiver extends the possible application of waypoint navigation into the tactical realm.
It has also been shown that these navigation techniques do not require a great deal of computational power. The Kalman Filter and path following algorithms run on an embedded 66MHz PowerPC running a non-real-time operating system (POSIX based pKernel).
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